retarded postembryonic development, defective egggenes. Previous reports had only described RNAi inactivation experiments of akt-1 and akt-2 and the aktlaying, extended life span, and increased stress toler-1(mg144) gain-of-function allele (Paradis and Ruvkun, ance. We conclude that SGK-1 is the critical kinase of 1998). akt-1(ok525) eliminates 1251 bp from exons 6, 7, the AKT-1/AKT-2/SGK-1 regulatory complex that con-8, and part of exon 9 including the kinase domain (Figure trols aspects of development, longevity, and stress re-1B). akt-2(ok393) animals bear a 719 bp deletion removsponse.
ing the sixth, seventh, and part of the eighth exon ( Figure  1C ). Therefore, both akt-1(ok525) and akt-2(ok393) most Results likely represent strong loss-of-function or null alleles, since they lack most of the kinase domains that are sgk-1 Mutants Have a Pleiotropic critical for Akt/PKB activity. The akt-2(ok393) animals Developmental Phenotype suffer from a weak egg-laying defect (11% of the animals In mammals, activation of SGK is dependent on PI3K, die from a bag of worms phenotype [n ϭ 111]). However, suggesting that SGK might play a role in the insulin unlike mutants of daf-2, age-1, and pdk-1, akt-2(ok393) In agreetains a kinase domain which is 78% similar and 67% ment with Paradis and Ruvkun (1998), we observed that identical to the human SGK kinase domain, and an akt-2(ok393) is not able to induce constitutive dauer X domain with unknown function which bears 61% simiformation at 26ЊC (0.5% dauers, Table 1C ), whereas larity and 25% identity to the human X domain (Fig- the akt-1(RNAi); akt-2(ok393) double mutant resulted in ure 1A and Supplemental Figure S1 [http://www. 98.3% dauer arrest already at 15ЊC (Table 1A) . developmentalcell.com/cgi/content/full/6/4/577/DC1]).
Since in mammalian cells SGK and Akt/PKB are To compare sgk-1 function with that of akt-1 and thought to act in parallel (Brunet et al., 2001), we wanted to determine whether sgk-1 has a similar function in akt-2, we characterized deletion alleles of all three fore might be consistent with sgk-1 playing a role in DAF-2 signaling. bp deletion removing the seventh and most of the eighth exon containing most of the kinase domain that is critical for SGK-1 activity ( Figure 1A) . Therefore, it can be supsgk-1 Expression Suggests a Role in the DAF-2 Insulin Receptor-like Signaling Pathway posed that sgk-1(ok538) represents a strong loss-offunction or null allele. We found that inactivation of sgk-1
To identify the expression pattern of sgk-1, we constructed a reporter which contains a sgk- Figure 2E ) and in the 20% thinner at all larval stages up to the adult stage until they become Egl. Thus, RNAi treatment efficiently intestine ( Figures 2B and 2F ). In neurons, SGK-1::GFP is localized both in the cytoplasm and in the nucleus, reduces sgk-1 activity and phenocopies sgk-1(ok538) (see also Figure 2A ). In summary, the pleiotropic phenowhereas in the intestine it is exclusively cytoplasmic. Thus, the expression pattern and localization of SGK-1 type of sgk-1(RNAi) or sgk-1(ok538) animals is reminiscent of that seen in mutants of other insulin signaling closely resembles that of PDK-1 (Paradis et al., 1999), but is distinct from the cellular localization of AKTmutant background is not affected (Figures 2J-2L ). These observations indicate that SGK-1 localization 1::GFP and AKT-2::GFP, which preferentially stain the cytoplasmic membrane (Paradis and Ruvkun, 1998; our and/or stability depend on DAF-2 and PDK-1 activity, but are independent of functional DAF-16. Therefore, unpublished data). This corresponds to SGK localization examined in cultured cells, since SGK, in contrast to our expression data suggest a role of SGK-1 in the DAF-2 pathway downstream of DAF-2 and PDK-1 and upAkt/PKB, does not contain a PH domain that serves as a membrane anchor. In summary, expression data are in stream of DAF-16. Furthermore, we tested whether sgk-1::gfp expresline with a role for sgk-1 in the DAF-2 signaling pathway (Riddle and Albert, 1997).
sion is modulated by TGF-␤ and cGMP signaling that also contribute to dauer regulation in C. elegans. HowWe also tested sgk-1::gfp in the genetic background of different insulin signaling-defective mutants. At 25ЊC, ever, we found no alteration in a daf-7(e1372) (TGF-␤-related ligand of the TGF-␤-related dauer pathway) temperature-sensitive (ts) loss-of-function mutations in daf-2(e1370) or pdk-1(sa680) lead to strongly diminished or a daf-11(m47) (guanylyl cyclase of the cGMP dauer pathway) mutant background ( Figures 2N and 2O ). This SGK-1::GFP staining in the intestine. In the neurons, SGK-1 is also diminished, but still detectable (Figures suggests that sgk-1 expression is independent of these two alternative signaling pathways. 2G-2I and 2M). sgk-1::gfp expression in a daf-16(m26) sgk-1 Acts Upstream of daf-16 also corroborated by life span and stress tolerance exin the DAF-2 Pathway periments (see below). Although we showed that sgk-1 expression does not depend on TGF-␤ and cGMP signaling, nevertheless Inactivation of sgk-1, but Not of akt-1 or akt-2, its function could be modulated by these pathways.
Confers Longevity and Stress Resistance Therefore, in dauer formation assays we tested if sgkMutations in various genes of the DAF-2 signaling path-1(RNAi) genetically interacts with daf-7 or daf-11 muway, including daf-2, age-1, and pdk-1, confer a longevtants. sgk-1 did not enhance the Daf-c phenotype of ity phenotype. sgk-1(RNAi) mutants also have a substaneither daf-7(e1372) or daf-11(m47) at 15ЊC, but rather tially increased mean adult life span (63% increase at partially suppressed the dauer phenotype of both genes 25ЊC, see Table 2 ; due to the strong egg-laying defect (Table 1A ). This result is in line with some other mutants of sgk-1(ok538) at 25ЊC, we used sgk-1(RNAi) for life of the DAF-2 pathway that have also been shown to span analyses). The life span extension induced by sgkpartly or even completely suppress mutants of the 1(RNAi) is in the same range as that induced by daf-TGF-␤ or cGMP pathways (Inoue and Thomas, 2000; 2(e1370) or pdk-1(sa680) animals and is even more proOgg et al., 1997) due to cross-connections between all nounced than that observed for age-1(mg44) ( Table 2 ). three signaling cascades. Taken together, our results Longevity is further enhanced in double mutants of sgkindicate that sgk-1 only affects the DAF-2 pathway.
1(RNAi) with daf-2(e1370) or age-1(mg44). In contrast, In the absence of a dominant allele to decisively deteroverexpression of sgk-1 significantly shortens life span mine the genetic position of sgk-1 within the DAF-2 (Table 2 ). These data confirm that the level of sgk-1 pathway, we tested whether sgk-1(RNAi) mutants can expression is a major determinant for longevity. dafsynergize with weak mutants of the pathway. At 20ЊC 16(mgDf50), a putative null allele of daf-16, fully supand 26ЊC, only 0% and 1.1% of the sgk-1(RNAi) worms presses the life span extension of sgk-1 (Table 2) , which enter the dauer stage constitutively, even if we tested is another confirmation that daf-16 is the major output RNAi in the background of rrf-3(pk1426) (Tables 1B and of sgk-1. Individual inactivation of neither akt-1 nor akt-2 1C) that had been shown to increase sensitivity toward had an effect on longevity (Table 2) , and akt-1(RNAi); RNAi (Simmer et al., 2002) . Therefore, deprivation of akt-2(ok393) animals only showed a weak life span exsgk-1 alone is not sufficient to block PI3K signaling. akttension by 19% (Table 2) . This suggests that, in contrast 1(RNAi), akt-2(ok393), or akt-2(RNAi) animals are also to their strong input into dauer regulation, neither akt-1 not able to induce dauer formation (Table 1C) , whereas nor akt-2 plays a major role in the control of life span. inactivation of akt-1 and akt-2 together results in a comThis was corroborated by the finding that life span of plete Daf-c phenotype already at 15ЊC as described the triple mutant akt-1(RNAi); akt-2(ok393) sgk-1(RNAi) above (Table 1A) . Although the additional inactivation was not longer than that of sgk-1(RNAi) alone (Table 2) , of sgk-1 could not further enhance the already fully penarguing for sgk-1 being the main factor at this position etrant Daf-c phenotype, sgk-1 does contribute to dauer of the pathway to control life span. control. In an akt-1(RNAi) background at 26ЊC, sgkMutants in a variety of components of the DAF-2 path-1(RNAi) increased dauer formation from 1.2% to 29.6%, way confer increased stress tolerance for heat, oxidaand it also increased akt-2(ok393) or akt-2(RNAi) weakly tion, and various chemicals (Honda and Honda, 1999; from 0.5/0.4% to 2.1/3.5% (Table 1C) . However, the Yanase et al., 2002). We found that akt-1(ok525) and combined inactivation of akt-1 and akt-2 is enough to akt-2(ok393) are not resistant to either increased temcompletely block the signaling pathway, suggesting that perature (35ЊC) or the oxidative stressors paraquat and these two genes are most important for the regulation of dauer entry. At 15ЊC, only 4.2% of pdk-1(sa680) animals H 2 O 2 . akt-1(RNAi); akt-2(ok393) animals only show a enter the dauer stage. Additional inactivation of sgk-1 weak increase in stress resistance when compared to results in a fully penetrant Daf-c phenotype (98.8% wild-type ( Figure 1D and Supplemental Figure S4 ). In dauers and 1.2% sterile adults, Table 1A ). Reduction of contrast, sgk-1(ok538) animals display a strong resissgk-1 activity also enhances the weak Daf-c phenotype tance to heat damage and oxidative stress and behave of daf-2 and age-1 at 20ЊC. Whereas the Daf-c phenosimilarly to daf-2 ( Figure 1D and Supplemental Figure type in daf-2(e1370) is enhanced moderately (from 0.4% S4) and age-1 (Yanase et al., 2002) mutants. The into 9.1% Daf-c), age-1(mg44) background leads to a creased stress resistance of sgk-1(ok538) is completely strong enhancement from 2.1% to 90.6% (Table 1B) .
suppressed by daf-16(m26) ( Figure 1D ). In conclusion, Moreover, sgk-1(RNAi) together with akt-1(RNAi) can these results demonstrate that sgk-1, and not akt-1 or partially suppress the dauer defective (Daf-d) phenotype akt-2, is crucial for the control of life span and stress reof daf-18(e1375) at 26ЊC (Table 1C) . Therefore, we sugsponse. gest that in DAF-2 signaling, sgk-1 is genetically localized downstream of daf-18.
SGK-1 Strictly Depends on PDK-1 and Forms daf-16 is the only known downstream target of akt-1
a Multimeric Complex with AKT-1 and AKT-2 and akt-2. We also placed daf-16 downstream of sgk-1, High gene dosage of akt-1, but not of akt-2, is able to since at 26ЊC the Daf-d mutant daf-16(m26) fully supbypass the requirement for AGE-1 PI3K signaling via pressed the weak Daf-c phenotype of sgk-1 (16.6% PDK-1 (Paradis and Ruvkun, 1998). To test the dependauer formation and additional 12% partial dauer formadence of SGK-1 function on PDK-1 activity, we did simition [n ϭ 522]) which could be induced in the absence lar experiments, but also tested a sgk-1(ϩ) overexpressof food. Furthermore, daf-16(m26) was also able to suping strain in a pdk-1(sa680) background. The sgk-1 press the Daf-c phenotype of akt-1; sgk-1(RNAi) ( Table  1C ). The placement of sgk-1 upstream of daf-16 was transgene was not capable of suppressing the 96.9% Figure 4H ). This suggests that the parallel branch that is highly similar in all three proteins. Interestingly, in a daf-2 or pdk-1 background, the sgk-1::gfp signal is of the DAF-2 pathway may use one or several of the Akt phosphorylation sites to prevent dauer entry, and the most significantly reduced in the intestine, suggesting that DAF-16, the sgk-1 target for the control of longevity, mutational inactivation of such sites increased the Daf-c phenotype. The mutations of the Akt phosphorylation may no longer be inactivated by phosphorylation in this organ. DAF-16 activity in the intestine has recently been sites also increased dauer formation of akt-1, akt-2, and sgk-1 single mutants from 4.5/1.6/2.1% to 14.2/13.1/ shown to be sufficient to extend the life span of C. elegans (Libina et al., 2003) . 13.7%, independently confirming our previous results that all three kinases contribute to dauer formation Our genetic data strongly support distinct yet overlapping roles for akt-1, akt-2 and sgk-1. Whereas sgk-1 is (compare Table 1 Table S2 ). akt-1(RNAi); sgktion in the double mutant strains. These differences may 1(ok538) displayed a Daf-c phenotype at 26ЊC which we also resbe due to AKT-1, AKT-2, and SGK-1 using different cued by introducing a corresponding sgk-1::gfp transgene (BR3063) (complementary or overlapping) patterns of phosphory-(Supplemental Table S2 
